Elemental powder mixture of Fe-14Cr-1Ti-0.3Mo-0.5La 2 O 3 (wt%) composition is mechanically alloyed for different milling durations (5, 10 and 20 h) and subsequently consolidated via spark plasma sintering under vacuum at 950 C for 7 min. The effects of milling time on the densification behavior and density/microhardness are studied. The sintering activation energy is found to be close to that of grain boundary diffusion. The bimodal grain structure created in the milled and sintered material is found to be a result of milling and not of sintering alone. The oxide particle diameter varies between 2 and 70 nm. Faceted precipitates smaller than 10 nm in diameter are found to be mostly La-Ti-Crenriched complex oxides that restrict further recrystallization and related phenomena.
Introduction
Nanostructured ferritic steels (NFSs), a novel type of oxide dispersion strengthened (ODS) steels, are considered a promising class of material for high radiation environment and high temperature applications. These alloys generally contain a high number density of Y-Ti-O-enriched nanoprecipitates and high dislocation density. [1] Uniformly dispersed nanoprecipitates act as the pinning sites inhibiting dislocations movement and stabilize the grain boundaries leading to improvement in creep resistance. [2] The NFSs also have a high dimensional stability under irradiation, i.e., high resistance to swelling and irradiation creep. [3] The NFSs are typically processed via mechanical alloying (MA) of the powder mixture of Fe- (12) (13) (14) (15) (16) (17) (18) (19) (20) Cr-Ti-W/Mo (rapidly solidified prealloyed or blended elemental powder) followed by a hot consolidation route such as hot isostatic pressing (HIP) or hot extrusion. [3] The most widely used oxide constituent for NFSs is yttria (Y 2 O 3 ). [4] Generally, yttria is added to the prealloyed powders and dissolved in solid solution during MA, allowing the Y-Ti-O-enriched nanoclusters (NCs) to form during consolidation. It has been reported that adding Ti reduces the size and enhances the stability of the nanoparticles, by forming of complex oxide precipitates. [5] Recently, spark plasma sintering (SPS), which is an advanced pressure-assisted sintering technique utilizing pulsed current (1 000-5 000 A), has been utilized by researchers to consolidate milled ODS powders. [6] [7] [8] [9] [10] Typical sintering time can be greatly reduced from several hours in conventional sintering to a few minutes in the SPS, thereby minimizing or eliminating propensity for grain growth. [8, 11, 12] One of the keys to preparing high performance NFSs lies in minimizing the precipitate size and improving the uniformity in their distribution. [11] Therefore, SPS would be beneficial by maintaining the fine microstructure allowing the densification at lower temperature and time compared to conventional techniques. For example, in processing the milled 14YWT (Fe-14Cr-0.4Ti-3W-0.25Y 2 O 3 ) powder via HIP at 850, 1 000, and 1 150 C for 3 h under pressure of 200 MPa, the volume fraction and number density of NCs decreased and their size increased with increasing HIP temperature as reported by Alinger et al.
In this study, the role of La 2 O 3 as a potential alternative to Y 2 O 3 is evaluated. A nominal composition of Fe-14Cr-1Ti-0.3Mo-0.5La 2 O 3 (wt%), referred to as 14LMT hereafter, is developed via MA and SPS (here L, M, and T stand for La 2 O 3 , Mo, and Ti, respectively). The reason for using La 2 O 3 is that lanthanum oxide is more abundant (25-38 wt%) in one of the main US rare earth (RE) minerals (Bastnasite) compared to yttria (only %0.2 wt%).
[14] Furthermore, lanthanum has negligible solubility in solid iron at all temperatures [15] as well as a high affinity for oxygen. [16] There is no published report on the La 2 O 3 -containing NFSs except the studies published by the authors. [10, 17, 18] However, La 2 O 3 is added as dispersoids to Mo-based ODS alloys. For example, Endo et al. [15] properties. In our previous work, the effects of alloying elements [10] and MA parameters [18] on the microstructure and mechanical properties of lanthana-bearing NFSs were studied. The present work is to investigate the effect of milling time on densification behavior including sintering kinetics and microstructural evolutions in 14LMT alloy during SPS consolidation.
Experimental Section

High Energy Ball Milling
The starting constituent powders including Fe (99.9 wt% Fe, average particle size of 40 mm), Cr (99.8 wt%, average particle size of 5 mm), Ti (99.7 wt% Ti, average particle size of 26 mm), and La 2 O 3 (99.99 wt% La 2 O 3 , average particle size of 40 nm) were procured from American Elements, Inc., and Mo (99.9 wt% Mo, average particle size of 1-2 mm) powder was acquired from Micron Metal Powder Inc. The elemental powders were mixed in the nominal proportion of Fe-14Cr-1Ti-0.3Mo-0.5La 2 O 3 (wt%). The powder blend was poured into a hardened steel grinding vial (SPEX 8001) inside a glove box operated under a high purity argon atmosphere and sealed properly. High energy ball milling was performed in an air-cooled SPEX 8000M shaker mill at the speed of 1 725 (rpm) using Thompson chromium steel balls (Grade 52100) with a diameter of 8 mm. Milling was carried out for 0 (unmilled), 5, 10, 15, and 20 h using a ball to powder ratio (BPR) of 10:1 (here 100 g steel balls were used for milling of 10 g powder mixture).
A powder blend with nominal proportion of Fe-14Cr-1Ti-0.3Mo (wt%) was milled for 10 h and then was mixed with La 2 
Spark Plasma Sintering
A Dr. Sinter Lab SPS-515S (SPS Syntex, Inc., Kanagawa, Japan) available at the Center for Advanced Energy Studies, Idaho Falls, was used to consolidate the milled powder. A TriGemini cylindrical graphite die with an inner diameter of 12.7 mm and outer diameter of 38 mm was used. The inner surface of the die was covered with a graphite foil with a thickness of 0.25 mm to facilitate sample removal. The milled powder was first cold-compacted inside the graphite die, and a 0.2 mm thick graphite foil was placed between the powder and punches. In order to inhibit the diffusion of carbon from the graphite, a thin niobium foil (thickness of 0.06 mm) was placed between the powder and the graphite foils. Then, the die was wrapped in a 4 mm thick layer of graphite felt to minimize heat loss by thermal radiation. Degassing was carried out by continually purging argon gas and pumping the chamber down to 7 Â 10 À3 Torr (9.33 Â 10 À7 MPa) and repeated at least thrice before starting the sintering process. All the milled powder batches were heated in the vacuum chamber to 950 C at a rate of 100 C min À1 and then held at that temperature for 7 min. The temperature was monitored with a K-type thermocouple that was inserted through a hole in the die. A uniaxial pressure of about 80 MPa was applied to the milled powder during both heating and dwell time. The samples were then cooled to room temperature in the vacuum chamber by natural cooling. The final product was in the form of a disk with dimensions of 12.5 mm diameter and 4.8 mm thickness.
To study the sintering kinetics in SPS, constant heating rate technique has been utilized using the model proposed by Young and Cutler. [19] They developed these equations to eliminate the problems associated with calculations of activation energy using isothermal techniques. They developed two non-isothermal equations assuming volume and grain boundary diffusion individually. These equations represent the relationships between shrinkage (Y) and diffusion coefficient (D) as shown in Equation 1 and 2, respectively, where c represents the heating rate in K s À1 .
where Y is the linear shrinkage (Dl/l o ), V is the volume of vacancy (m and grain boundary diffusion, respectively. The activation energies for volume diffusion and grain boundary diffusion can be obtained from the slope of the plots between ln(YTdY/dT) versus 1/T and ln(Y 2 TdY/dT) versus 1/T, respectively.
Microstructural and Mechanical Characterization
The density of the sintered specimens was measured by Archimedes method using nanopure deionized water. At least six measurements were made for each specimen. The final relative density was determined as the ratio between the measured and the theoretical density of 14LMT alloy (%7.7 g cm À3 ). The sample surface for microhardness testing was mechanically polished using standard metallographic procedures involving grinding and polishing down to 0.5 mm. The Vickers microhardness tests were performed with a Leco LM100 microhardness tester at 1 kg (9.81 N) load for the sintered samples. The microhardness tests were repeated on random spots in the center of each specimen up to ten times. Microstructural characteristics of the sintered specimens were examined using a Zeiss (LEO) Supra 35 VP FESEM. The unmilled and milled specimens that were sintered were prepared for electron back-scatter diffraction (EBSD) characterization by grinding on 120-1 200 grit SiC papers, followed by a final polish in a Buehler Vibromet-2 vibratory polisher using 0.05 mm alumina slurry for 6-24 h. The EBSD analysis was performed on a JEOL SEM Model JSM-6610LV equipped with an EDAX/TSL Hikari EBSD system and operated at an accelerating voltage of 20 kV. The automated scan was performed with a 0.1 mm step size at 2 000Â magnification on a total area of 50 Â 50 mm 2 . The EBSD data were analyzed using TSL Orientation Imaging Microscopy (OIM) Data Collection Version 5.31.
For preparing TEM specimens, electro-jet polishing technique and focused ion beam (FIB) technique were used. Electropolishing was carried out in CH 3 OH-HNO 3 (80:20 by vol%) electrolyte at -40 C and voltage of 25 V using a Fischione Model 110 Twin-Jet Electropolisher. For FIB experiments, a FEI 3D Quanta SEM was utilized. The TEM specimens were studied using a FEI Tecnai TF30-FEG STEM operating at an accelerating voltage of 300 kV.
Results and Discussion
Sintering Kinetics
The effect of milling times on the displacement profiles during SPS is shown in Figure 1a . The temperature at which densification begins (T s ) and the temperature at which maximum densification rate occurs (T max ) can be calculated from the displacement curve and its first derivative, respectively. [20, 21] The T s and T max values were calculated, their variation as a function of milling time is shown in Figure 1b . Figure 1a shows the differences between the profile of the unmilled powder and milled powder; the displacement profile of the unmilled powder had a large displacement before the sintering began, and this behavior was not observed for any of the milled powders. The rate of sintering for the unmilled powder was lower than the sintering rate for all of the milled powders. Furthermore, sintering started at a higher temperature and ended at a lower temperature compared to all of the milled powders, and the total displacement of the unmilled powder was lower than that for the milled powders. These differences will likely lead to lower density and higher amount of residual porosity in the unmilled powder as will be shown later. The displacement profile of the powder milled for 5 h was similar to powder milled for 10 h. The difference between the profiles of 5 and 10 h milling time was that the densification began at lower temperature in case of 10 h milled powder. The profile of 10 and 20 h milling time was similar but with slightly higher densification rate and larger displacement for the powder milled for 20 h. Lower hardness and less complicated geometrical shape of the unmilled powder particles facilitated rearrangement of the particles in a more random and packed powder compact leading to an intense displacement before T s as shown in Figure 1a . This large displacement for the unmilled powder was also reported by Guyon et al. [20] On the contrary, the ballmilled powders had a complicated geometrical shape and higher hardness, [18] and thus showed a lower displacement before T s . Lower density of dislocations, grain boundary surfaces, and other microstructural defects in the unmilled powder particles as shown in a previous work [18] were likely the reasons for higher T s and lower total displacement values during sintering. [21] In Figure 1b , the T s value showed a decrease with milling time, whereas the value of T max constantly increased with milling time. This variation in T s and T max could provide a wider sintering temperature region with increasing milling time. Theoretically, high diffusivity paths created during heavy plastic deformation would also enhance sintering efficiency and contribute to lower T s . The T max values for the powder in this study after 0, 5, 10, and 20 h milling time were estimated to be 733, 842, 853, and 903 C, respectively. Although the T max value increased with greater milling time, this increase was not very significant. For example, from 10 to 20 h, the T max value increased only by 50 C. The reason for higher T max in sintering of alloys milled powder for longer hours is not entirely clear at this point. However, it can be conjectured that a combined effect of powder particle size, hardness, and powder morphology played a role in increasing T max values to higher temperatures. As the milling time increased and the powder crystallite and powder particle size decreased, [18] the interfacial area increased leading to an increase in the total number of the particles. An important factor in sintering the nanocrystalline powder is the presence of a very high specific surface area acting as a driving force in densification process. A high specific surface area could easily activate the surface diffusion mechanism compared to grain boundary and volume diffusion especially at the initial stage of sintering before the necks between powder particles are formed. This could contribute to lower T s at longer milling times. Once the necks are formed, the surface diffusion is not the dominant mechanism anymore and other diffusion-based mechanism will be activated. To quantify the sintering behavior as a function of milling time, one should consider the role of volume diffusion or grain boundary diffusion in driving the sintering process. For this purpose, the activation energy profiles for volume diffusion and grain boundary diffusion in 14LMT powder milled for 0-20 h were estimated and plotted in Figure 2a and b, respectively. From the slope of the ln(YTdY/dT) versus 1/T plots shown in Figure 2a , the volume diffusion activation energy for the 0, 10, and 20 h milled 14LMT sintered at 950 C was estimated to be 247 AE 6, 98 AE 4, and 64 AE 6 kJ mol À1 , respectively.
From the slope of the ln(Y 2 TdY/dT) versus 1/T plots shown in Figure 2b , the grain boundary diffusion activation energy for the 0, 10, and 20 h milled 14LMT alloy was estimated to be 164 AE 4, 153 AE 5, and 144 AE 15 kJ mol À1 , respectively. The activation energy for volume diffusion and grain boundary diffusion of pure a-Fe was 251 and 174 kJ mol À1 , respectively. [22] As described earlier, Equation 1
and 2 developed by Young and Cutler were based on the assumption of individual volume diffusion and grain boundary diffusion, respectively. [19] The activation energy of milled powder using Equation 1 led to values which are quite smaller (64 and 98 kJ mol
À1
) than what one would expect for volume diffusion in a-Fe (251 kJ mol À1 ). Even though complex composition of the 14LMT alloy may have some influence on the activation energy of volume diffusion, [23] the large difference noted cannot be explained without affirming that volume diffusion cannot act as a viable sintering mechanism for the milled powder in the present study. On the other hand, applying Equation 2 based on the assumption of grain boundary diffusion resulted in activation energy of sintering, which is in close agreement with the activation energy of grain boundary diffusion in a-Fe. Given the preponderance of interfaces in the milled powder owing to small crystallite size, dominance of grain boundary diffusion as the sintering mechanism does appear consistent with the evidence at hand. Thus, it can be argued that the mechanism operating during sintering of milled powder essentially involves grain boundary diffusion. Interestingly, the activation energy for grain boundary diffusion for nano-Fe powder was estimated to be 187 kJ mol À1 by Lee et al. [24] In case of the unmilled powder, the volume diffusion had a higher activation energy than the grain boundary diffusion as expected and the values are quite close to what one would expect. Hence, the volume diffusion was not most likely the dominant sintering mechanism. The applied uniaxial pressure on the unmilled powder during SPS would enhance the grain boundary diffusion over surface diffusion. [25] Lastly, the SPS process is a field activated process and the understanding of this process in terms of kinetics is still evolving.
Density and Microhardness
The relative density and microhardness values of the SPSed samples are plotted in Figure 3 . The density of the sintered samples increased with increasing milling time up to 10 h and decreased thereafter. With milling beyond 10 h, both density and hardness values of the SPSed samples decreased because of saturation in the crystallite size and lattice strain. [18] In addition, a high level of carbon and oxygen contents from oxide and carbide impurities likely produced a higher residual porosity with longer milling times. The relative density of 98.7% and microhardness value of 505 HV were achieved after sintering the 14LMTalloy milled for 10 h. Achieving full density was only possible by applying a very high pressure (higher than the yield stress of 14LMTalloy at 950 C). This was practically impossible to achieve in the SPS process in this study due to the mechanical limit of the graphite die and punches. The other option is increasing the sintering temperature and/or time at the expense of grain growth and coarsening of the nanosized oxide precipitates. As it will be shown in Section 3.3, the presence of high number of oxide precipitates and work hardening during sintering of the nanostructured milled powder, would contribute to higher hardness bringing new challenges to achieve the full densification in NFSs. An alloy with the nominal composition of Fe-14Cr-1Ti-0.3Mo-0.3Y 2 O 3 was also processed in this study using the same milling and SPS parameters. The density and hardness of this alloy were measured to be 98.5% and 460 HV, respectively. In a study by Alinger et al., [13] 
Microstructural Characteristics of SPSed 14LMT Alloy
The SEM back scattered electron (BSE) micrographs of the SPSed specimens milled for 0, 5, 10, and 20 h are shown in Figure 4a -d. As shown in Figure 4a , the unmilled powder contained a significant volume fraction of large pores which were mostly irregular in shape. Increasing the milling time from 0 to 5 h resulted in a more uniform microstructure with smaller spherically shaped pores that were mostly present on the boundaries of the powder particles (Figure 4b ). With further milling up to 10 h, a significant improvement in density was observed (relative density of about 98%), and only few nanopores were observed (the volume fraction of porosity was 1.0%) in Figure 4c . The pores had an irregular morphology but were mostly interconnected in the sintered microstructure of the 20 h milled powder shown in Figure 4d .
Larger agglomerated powder particles (average size of 24.1 AE 1.8 mm) of 20 h milled powder led to larger necking joints and more interconnected porosity. In addition, high level of oxygen and carbide contamination could cause inefficiency during sintering, leading to more porosity and lower hardness in 20 h milled/sintered sample. [26] The average porosity size in the sintered 14LMT alloys milled for 0, 5, 10, and 20 h was measured to be 3.6 AE 0.3, 1.1 AE 0.2, 0.10 AE 0.03, and 0.9 AE 0.1 mm, respectively. The porosity volume percentage for the 14LMT alloys milled for 0, 5, 10, and 20 h was measured to be 10.5 AE 2.3, 5.8 AE 1.4, 1.1 AE 0.3, and 3.9 AE 0.4, respectively. The EBSD micrographs of the sintered alloys milled for 0, 5, 10, and 20 h are shown in Figure 5a -d. The grains in the unmilled 14LMT alloy (shown in Figure 5a ) were coarse and equiaxed, and La 2 O 3 particles were mostly located at the powder boundaries. No nanograin or bimodal grain structure was observed in Figure 5a . In Figure 5b , majority of the observed grains were difficult to be resolved and indexed due to their nanoscale size and limited number of micron-sized grains were present. A higher volume fraction of the micron-sized grains were observed after 10 and 20 h of milling as shown in Figure 5c and d. The EBSD micrographs presented random crystallographic orientations in the micron-sized grains, and no evidence of strong texture or elongated grains were observed. In the EBSD micrographs, individual nanograins and associated grain boundaries were difficult to distinguish due to the beam size limit. Consequently, here the EBSD micrographs were used only to analyze the micron-sized grains and not the nanograins.
Although the EBSD micrographs of the 14LMT alloy milled for different durations (5, 10, and 20 h) exhibited a bimodal distribution consisting of coarse grains with a few micron level grains and nanograins with 200-500 nm size, the presence of such heterogeneous microstructure is not limited only in the alloys consolidated via SPS. Such bimodal microstructure was also observed in ODS alloys consolidated via HIP [27] and hot forging. [28] In fact, the absence of a bimodal microstructure in the unmilled alloy and yet its presence after longer milling times would suggest that a bimodal microstructure could develop as a result of the milling process. Furthermore, pulsed DC current in SPS directly passes through the die and the powder, creating rapid Joule heating. The localized temperature gradient created within the heavily deformed nanostructured milled powder would assist in further developing of a bimodal microstructure. [8] Therefore, heavy plastic deformation during MA and thermal gradient from the electric field during SPS can produce grains of different orientations and different sizes. However, once the alloy is consolidated, any further grain growth through the movement of high angle grain boundaries would be impeded by the presence of nanosized precipitates. [29] The TEM overview micrographs of the 14LMT alloy milled for 0, 10, and 20 h and sintering at 950 C for 7 min are displayed in Figure 6a -c, respectively. No bimodal microstructure and nanograins were observed in Figure 6a . Instead, the grains with an average diameter of 2.5 mm and small La 2 O 3 particles were observed heterogeneously with no nanooxide precipitates. Two major types of grain structures were observed in Figure 6b : nanograins (50-200 nm) embedded in a heavily deformed matrix containing nano-precipitates, and micronsized grains (>500 nm and <2 mm) containing larger precipitates. Once the bimodal microstructure is formed, it is going to be very stable. Odette et al. [3] suggested that this type of microstructure is likely due to a heterogeneous distribution of nano-oxide precipitates formed during hot consolidation. The heterogeneous distribution of the oxide NCs in the milled 14LMT alloy has been previously reported by the authors, [18] and, therefore, the initiation of a stable bimodal microstructure is likely to be formed during milling and developed further during hot consolidation. The nanograins showed a darker contrast due to high dislocation density as will be shown in STEM micrographs; however, the micron-sized grains did not exhibit a high dislocation density due to the recrystallization process during SPS.
The high density of nanoparticles in the grain interior and on the boundaries would contribute to stabilizing of the grain boundaries and control the recrystallization and grain growth process during sintering. In Figure 6b , the nanoprecipitates were observed in subgrains, and it may lead to a complex interaction between the processes of precipitation and further recrystallization and grain growth. [29] This is consistent with the results of other studies and formation of nanoparticles in ODS steels even during MA. [17, [30] [31] [32] The significant difference in processing time between SPS and other consolidation techniques (such as HIP) suggests that precipitation reaction is accelerated during SPS. Similar microstructure was also observed in Figure 6c after milling the 14LMT alloy for 20 h and sintering at 950 C for 7 min.
The high angle annular dark field (HAADF) micrographs from the 14LMT alloy milled for 10 and 20 h and sintered at 950 C for 7 min as shown in Figure 7a and b, respectively. Both Figure 7a and b exhibited nanograins with nanoprecipitates smaller in size but higher in number density whereas coarser (micron-sized) grains had nanoprecipitates larger in size but lower in number density. A high dislocation density was observed in nanograins of 14LMT alloy milled for 10 h and sintered at 950 C for 7 min, as shown in Figure 7c . Dislocation density in this specimen was estimated to be 6. [33] Dislocations were mostly observed in nanograins, and micron-sized grains did not show dislocations at several tilting angles. High amount of stored energy in the milled powder and less efficient oxide precipitates in larger subgrains would facilitate a fast recovery and recrystallization.
A high resolution TEM micrograph from the small precipitates is shown in Figure 8a . Those precipitates that were mostly found at the grain interiors were as small as 2 nm with faceted morphology. However, those larger particles with quasi-spherical morphology were mostly located at the grain boundaries. A HAADF micrograph of the sintered 14LMT alloy is shown in Figure 8b . The corresponding energy dispersive spectroscopy (EDS) spectrum obtained from a nanoprecipitate is shown in Figure 8c . The EDS results showed that precipitates larger than 10 nm were enriched in Cr and mostly spherical, whereas precipitates smaller than 10 nm were enriched in La and Ti. Due to the significant influence of the matrix, EDS was not very efficient in analyzing the small precipitates. The Cr concentration in the matrix was in the range of 13-16 wt%, and no significant Ti or La was detected in the matrix. The concentrations of Cr, Ti, and La in the precipitates smaller than 10 nm were found to be 12 AE 3, 24 AE 4, and 10 AE 3 wt%, respectively, and the balance was Fe. The Ti/La ratio was 2-2.5, which does not correlate to a stoichiometric compound. It is likely that the faceted precipitate was non-stoichiometric La-Ti-Cr oxide.
Conclusions
This work has examined the effect of milling on the densification behavior, density, hardness, and microstructure of a La-bearing NFS processed via SPS. The MA followed by SPS created a heterogeneous microstructure with a bimodal grain size distribution. The main conclusions made are summarized below:
1) The role of high energy ball milling was more complex than just dissolution of the solute elements. It had a significant impact on the densification behavior. Ball milling enhanced the rate of densification by lowering the sintering start temperature.
2) The activation energy of sintering using the analysis proposed by Young and Cutler [19] was found to be consistent with the activation energy of grain boundary diffusion in a-Fe. However, more investigation into the kinetic analysis needs to be carried out using models appropriate for SPS process.
3) The density and hardness of the sintered 14LMT alloys milled for 10 h were measured to be 98.7% with a hardness of 505 HV, respectively. In order to achieve significant dispersion hardening in 14LMT alloy, La 2 O 3 particles have to be mechanically milled; only mixed powder will not lead to the desired properties. 4) The microstructure of the sintered unmilled alloy showed significant porosity. The size and number of pores decreased after 5 h, and only few nanopores were observed after SPS of 10 h milled powder.
With further milling beyond 10 h, the number of residual porosity increased again, and they became interconnected. 5) The microstructure of the 10 and 20 h milled powder after SPS revealed a bimodal grain size distribution with micron-sized grains (>500 nm, <2 mm) surrounded by nanograins (200-500 nm). The majority of the microstructure contained high concentration of nanoprecipitates. The bimodal grain size distribution was due to ball milling and subsequent SPS. No bimodal grain structure was observed in the unmilled alloy. 6) High microhardness of the milled/SPSed samples was due to the presence of the solid solution strengthening, nanograins, high dislocation density, and high number density of 
